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The aim of the present article is investigation of the newly observed resonances Ξc(2923)
0,
Ξc(2939)
0, and Ξc(2965)
0 which are real candidates to charm-strange baryons. To this end, we
calculate the mass and pole residue of the orbitally and radially excited spin-1/2 flavor-sextet and
spin-3/2 baryons Ξ0′c and Ξ
⋆0
c with quark content csd. Spectroscopic parameters of these particles
are computed in the context of the QCD two-point sum rule method. Their widths are evaluated
through decays to final state Λ+c K
−, which are explored by means of the full QCD light-cone sum
rule method necessary to determine strong couplings of vertices Ξ0′c Λ
+
c K
− and Ξ⋆0c Λ
+
c K
−. Obtained
predictions for the masses and widths of the four excited baryons, as well as previous results for
1P and 2S flavor-antitriplet spin-1/2 baryons Ξ0c are confronted with available experimental data
on Ξ0c resonances to fix their quantum numbers. Our comparison demonstrates that the resonances
Ξc(2923)
0 and Ξc(2939)
0 can be considered as orbitally excited spin-1/2 flavor-sextet and spin-3/2
baryons, respectively. The resonance Ξc(2965)
0 may be interpreted as radial excitation of either
spin-1/2 flavor-sextet or antitriplet baryon.
‘
I. INTRODUCTION
The discovery of three new resonances Ξc(2923)
0,
Ξc(2939)
0, and Ξc(2965)
0 by the LHCb collaboration is a
last result of the experiments devoted to investigation of
charmed and bottom baryons with different spin-parities
and quark contents [1]. Five narrow states Ω0c fixed in the
Ξ+c K
− invariant mass distribution [2], and four peaks Ω−b
detected recently in the Ξ0bK
− spectrum [3] were results
of previous measurements performed by LHCb.
Needless to say, that discovery of the resonances Ω0c
stimulated numerous studies of excited charmed baryons
aimed to understand their internal organizations and
quantum numbers. Actually, heavy flavored baryons
were already objects of theoretical analyses, in which
spectroscopic parameters of the ground state and ex-
cited particles, their decay channels and strong couplings,
magnetic moments and radiative decays were studied by
means of different models and methods of high energy
physics. New experimental information on Ω0c , besides
traditional models, gave rise to their interpretations as
exotic pentaquark states. In our articles [4–6], we in-
vestigated the baryons Ω0c and Ω
−
b , where one can find
further details and references to relevant publications.
The baryons from the Ξ0c family are another interesting
objects for both experimental and theoretical analyses.
Parameters of the ground state JP = 1/2+ and 3/2+
baryons with the content csd were measured already and
included into relevant tables [7]. Thus, the mass and
mean lifetime of the flavor-antitriplet baryon Ξ0c are
m = (2470.91± 0.25) MeV, τ = 112+13
−10 × 10−15 s, (1)
whereas for the mass of the flavor-sextet JP = 1/2+
ground state particle Ξ
′0
c we have
m = (2579.2± 0.5) MeV. (2)
The mass of the JP = 3/2+ baryon Ξc(2645)
0 is also
known
m∗ = (2646.38± 0.21) MeV. (3)
There are a few charged and neutral particles of this fam-
ily listed in Ref. [7], most of which are beyond of our
present interests.
As we have noted above, theoretical investigations of
heavy flavored baryons, including Ξc ones, have long his-
tory [8–29]. These particles were explored in the context
of various quark models [8–15], by using the QCD sum
rule method [16–26], by means of the Heavy Quark Effec-
tive Theory (HQET) [27] and lattice simulations [28, 29].
The discovery of three resonances by LHCb added new
valuable knowledge about excited baryons Ξ0c , which to-
gether with Ξc(2930)
0 generated theoretical activities to
explain their parameters. Problem is that LHCb did
not inform on spins and parities of these resonances,
which are important topic of continuing theoretical stud-
ies. Here, it is necessary to give some information about
the resonance Ξc(2930)
0, which is relatively ”old” mem-
ber of this family. It was observed by the BaBar col-
laboration as the intermediate resonant structure in the
process B− → Λ+c Λ¯−c K− [30]. Existence of Ξc(2930)0
was confirmed recently by Belle in Ref. [31], in which the
collaboration reported about its observation as a reso-
nance in the Λ+c K
− invariant mass spectrum in the same
decay process. The mass and width of this state reported
2by Belle are
m = (2928.9± 3.0+0.9
−12.0) MeV,
Γ = (19.5± 8.4+5.9
−7.9) MeV. (4)
Parameters of Ξc(2930)
0, its mass and width were calcu-
lated in the framework of different approaches [22, 31–
37].
The new resonances have masses and widths which do
not differ considerably from ones of Ξc(2930)
0. For sim-
plicity of presentation, we label parameters of Ξc(2923)
0,
Ξc(2939)
0, and Ξc(2965)
0 by subscripts 1, 2, and 3, re-
spectively. The masses and widths of these states are
equal to [1]
m1 = (2923.04± 0.25± 0.20± 0.14) MeV,
Γ1 = ( 7.1± 0.8± 1.8) MeV, (5)
m2 = (2938.55± 0.21± 0.17± 0.14) MeV,
Γ2 = ( 10.2± 0.8± 1.1) MeV, (6)
and
m3 = (2964.88± 0.26± 0.14± 0.14) MeV,
Γ3 = ( 14.1± 0.9± 1.3) MeV. (7)
These resonances immediately became object of theo-
retical investigations [38–41], in which they were studied
in a rather detailed form. These states were considered
mostly as conventional flavor-sextet 1P -wave baryons
of different spins [38, 39] though sextet 2S interpreta-
tion of the heaviest resonance from this list is also on
agenda [40]. The particles Ξ0c were described also as
molecular DΛ − DΣ states [41]. The mass and width
of the excited flavor-antitriplet baryons Ξ0c were calcu-
lated recently in Ref. [37]. Performed analysis allowed
the authors to conclude that the baryon with parame-
ters m˜ = (2922 ± 83) MeV and Γ˜ = (19.4 ± 3.3) MeV,
and quantum numbers (1P, 1/2−) may be interpreted
as the state Ξc(2930)
0. The radially excited antitriplet
baryon (2S, 1/2+) with m′ = (2922 ± 83) MeV and
Γ′ = (13.6 ± 2.3) MeV can be examined as a candidate
to one of new three resonances.
As is seen, various suggestions were made on structures
and quantum numbers of the Ξ0c states, and predictions
obtained by means of different methods in the context
of these assumptions, sometimes, contradict to each an-
other. Therefore, additional studies of these baryons are
required to clarify situation with Ξ0c resonances. In the
present article, we explore the excited spin-1/2 flavor-
sextet baryons Ξ˜0c , Ξ
′0
c , and spin-3/2 particles Ξ˜
∗0
c , Ξ
∗
′0
c ,
and compute their masses and widths to confront ob-
tained predictions with the LHCb data. To this end, we
apply the QCD sum rule method [42, 43], and evaluate
masses and pole residues of these states by taking into
account vacuum condensates up to dimension 10. We cal-
culate the width of the strong decays of the baryons Ξ˜0c ,
Ξ′0c and Ξ˜
∗0
c , Ξ
∗
′0
c to the final state Λ
+
c K
−, and estimate
by this way their widths. The decays are explored by
means of the QCD light-cone sum rule (LCSR) approach
[44].
This article is structured in the following way: In Sec.
II, we calculate the spectroscopic parameters of the ex-
cited baryons Ξ˜0c and Ξ
′0
c . Here, we also evaluate the mass
and pole residue of the states Ξ˜∗0c and Ξ
∗
′0
c . Results ex-
tracted from the sum rules in this section are necessary to
compare with the experimental data, but also are input
information for the next sections. In Sec. III, we derive
the LCSRs for the strong couplings g1 and g2 describing
the vertices Ξ˜0cΛ
+
c K
− and Ξ
′0
c Λ
+
c K
−, that are key ingre-
dients to evaluate width of the processes Ξ˜0c → Λ+c K−
and Ξ
′0
c → Λ+c K−. Section IV is devoted to investigation
of the decays Ξ˜∗0c → Λ+c K− and Ξ∗
′0
c → Λ+c K−. The last
Section V is reserved for comparison of obtained theoret-
ical predictions with the LHCb data and, in accordance
with this analysis, assignment of appropriate quantum
numbers to three new LHCb resonances. This section
contains also our concluding notes.
II. MASSES AND POLE RESIDUES OF THE
BARYONS Ξ0c AND Ξ
∗0
c
The sum rules required to evaluate the mass and
residue of the spin-1/2 baryons Ξ˜0c and Ξ
′0
c , and spin-3/2
baryons Ξ˜∗0c and Ξ
∗
′0
c (in what follows we omit the super-
script 0) can be obtained from analysis of the following
two-point correlation functions
Π(µν)(p) = i
∫
d4xeipx〈0|T {η(µ)(x)η(ν)(0)}|0〉, (8)
where η(x) and ηµ(x) are interpolating fields for Ξc and
Ξ∗c states with spins 1/2 and 3/2, respectively. In the
case of the flavor-sextet spin-1/2 baryons this current is
given by the formula
η = − 1√
2
ǫabc
{(
dTaCcb
)
γ5sc + β
(
dTaCγ5cb
)
sc
− [(cTaCsb) γ5dc + β (cTaCγ5sb) dc]} . (9)
For spin-3/2 baryons, we use
ηµ =
√
2
3
ǫabc
{(
dTaCγµsb
)
cc +
(
sTaCγµcb
)
dc
+
(
cTaCγµdb
)
sc
}
. (10)
In formulas for the currents C is the charge conjugation
matrix. The current η(x) for the 1/2 baryons depends
on an arbitrary mixing parameter β with β = −1 corre-
sponding to the Ioffe current.
We begin from the spin 1/2 baryons and compute the
correlation function ΠPhys(p) using the physical parame-
ters of the particles under analysis. The current η(x) cou-
ples not only to ground state particle (1S, 1/2+), which
3we denote simply by Ξc, but also to its orbital and radial
excitations Ξ˜c and Ξ
′
c with quantum numbers (1P, 1/2
−)
and (2S, 1/2+), respectively. To write down the phe-
nomenological side of the sum rule, we use the ”ground-
state+excited-state+continuum” scheme. Therefore, we
take into account effects of the baryons Ξc and Ξ˜c, and
find
ΠPhys(p) =
〈0|η|Ξc(p, s)〉〈Ξc(p, s)|η|0〉
m2 − p2
+
〈0|η|Ξ˜c(p, s˜)〉〈Ξ˜c(p, s˜)|η||0〉
m˜2 − p2 + · · · , (11)
where m, m˜, and s, s˜ are their masses and spins, respec-
tively. Contributions of higher resonances and continuum
states are denoted in Eq. (11) by dots. In expression for
ΠPhys(p) summations over the spins s, and s˜ are implied.
We continue by using the matrix elements
〈0|η|Ξc(p, s)〉 = λu(p, s),
〈0|η|Ξ˜c(p, s˜)〉 = λ˜γ5u˜(p, s˜). (12)
Here λ, and λ˜ are the pole residues of the baryons Ξc, and
Ξ˜c, respectively. Carrying out in Eq. (11) summations
over s and s˜ by employing these matrix elements and the
formula ∑
s
u(p, s)u(p, s) = /p+m, (13)
we get
ΠPhys(p) =
λ2(/p+m)
m2 − p2 +
λ˜2(/p− m˜)
m˜2 − p2 + · · · . (14)
The function ΠPhys(p) contains Lorentz structures pro-
portional to /p and I. To find the sum rules, we employ
invariant amplitudes that correspond to these structures.
The second component of our investigation is the QCD
side of the sum rule. It should be computed by inserting
the interpolating current η into Eq. (8) and contracting
the quark fields. We compute ΠOPE(p) using light q and
heavy Q quark x-space propagators, explicit expressions
of which are presented below
Sabq (x) = i
/xδab
2π2x4
− mqδab
4π2x2
− 〈qq〉δab
12
(
1− imq
4
/x
)
−x
2δab
192
〈qgsσGq〉
(
1− imq
6
/x
)
− igsG
µν
ab
32π2x2
[/xσµν + σµν/x]
− /xx
2g2s
7776
〈qq〉2δab − x
4〈qq〉〈g2sG2〉
27648
δab
+
mqgs
32π2
Gµνab σµν
[
ln
(−x2Λ2
4
)
+ 2γE
]
+ · · · , (15)
and
SabQ (x) =
m2Qδab
4π2
[
K1
(
mQ
√−x2)√−x2 + i /xK2
(
mQ
√−x2)(√−x2)2
]
−gsmQ
16π2
∫ 1
0
duGµνab (ux)
{
(σµν /x+ /xσµν)
×K1
(
mQ
√−x2)√−x2 + 2σµνK0
(
mQ
√
−x2
)}
. (16)
Here, q = u, d or s, γE ≃ 0.577 is the Euler constant, and
Λ is the QCD scale parameter. We also introduce the no-
tations Gµνab ≡ GµνA tAab, G2 = GαβGαβ , A = 1, 2, · · · , 8,
and tA = λA/2, with λA being the Gell-Mann matrices.
The first two terms in Eq. (16) in square brackets are the
free part of the heavy quark propagator in the coordi-
nate representation, and Kn(z) are the modified Bessel
functions of the second kind.
After performing required calculations, for ΠOPE(p) we
get
ΠOPE(p) = /pΠ
OPE
1 (p
2) + ΠOPE2 (p
2). (17)
Calculations of the correlation function ΠOPE(p) are per-
formed by including into analysis nonperturbative terms
till dimension 10. In computations we set md = 0, but
take into account terms ∼ ms. The function ΠOPE(p)
expressed in terms of quark-gluon degrees of freedom has
the same Lorentz structure as ΠPhys(p). By equating
two representations of the correlation function, perform-
ing the Borel transformation and subtracting contribu-
tions due to higher resonances and continuum states, we
extract two sum rule equalities.
It is not difficult to see that the Borel transformation
of ΠPhys(p) is equal to
BΠPhys(p) = λ2e−m
2
M2 (/p+m)
+λ˜2e−
m˜
2
M2 (/p− m˜). (18)
Then, the sum rule equalities are
λ2e−
m
2
M2 + λ˜2e−
m˜
2
M2 = ΠOPE1 (M
2, s0), (19)
and
λ2me−
m
2
M2 − λ˜2m˜e− m˜
2
M2 = ΠOPE2 (M
2, s0). (20)
The first of these expressions is obtained from the struc-
ture ∼ /p, whereas the second one corresponds to terms
proportional to I. In formulas above, ΠOPE1,2 (M
2, s0) are
the Borel transformed and subtracted invariant ampli-
tudes ΠOPE1,2 (p
2): These functions depend on M2 and s0,
which are the Borel and continuum threshold parameters,
respectively.
The derived equalities (19) and (20) contain four un-
known parameters (m, λ) and (m˜, λ˜) of the ground state
and orbitally excited baryons. As the mass m of the
4ground state baryon Ξc, we use its experimental value
from Eq. (2). Therefore, one has to find sum rules for the
pole residue of the ground state particle, as well as pa-
rameters (m˜, λ˜) of the excited state. Usual way to han-
dle this problem is to act by the operator d/d(−1/M2)
to Eqs. (19) and (20), and get missing equations. Then,
after simple manipulations, we find
m˜2 =
Π′OPE2 −mΠ′OPE1
ΠOPE2 −mΠOPE1
,
λ2 =
m˜ΠOPE1 +Π
OPE
2
m+ m˜
em
2/M2
λ˜2 =
mΠOPE1 −ΠOPE2
m+ m˜
em˜
2/M2 . (21)
Expressions written down in Eq. (21) are the QCD two-
point sum rules for parameters of the ground state and
excited baryons, which can be employed to evaluate their
numerical values. In these formulas, for simplicity, we do
not show dependence of the functions Π
(′)OPE
1,2 (M
2, s0)
on the auxiliary parameters M2 and s0. One should
also take into account that Π′OPE1,2 (M
2, s0) denote the
derivative of the corresponding functions over −1/M2.
The parameters of the radially excited baryon Ξ′c with
(2S, 1/2+) can be extracted from these sum rules after
replacement m˜→ −m′, and redefinition of the residue λ˜
as λ′.
The sum rules (21) depend on the vacuum expecta-
tions values of the different quark, gluon, and mixed op-
erators. The masses of the s and c-quarks are among
parameters required for numerical computations. Values
of these universal input parameters are presented below
〈q¯q〉 = −(0.24± 0.01)3 GeV3, 〈s¯s〉 = 0.8〈q¯q〉,
〈qgsσGq〉 = m20〈qq〉, 〈sgsσGs〉 = m20〈s¯s〉,
m20 = (0.8± 0.1) GeV2,
〈αsG
2
π
〉 = (0.012± 0.004) GeV4,
ms = 93
+11
−5 MeV, mc = 1.27± 0.2 GeV. (22)
The sum rules contain also auxiliary parameters M2
and s0, which are not arbitrary, but should meet some
restrictions. Thus, inside of working regions of these pa-
rameters convergence of the operator product expansion
should be fulfilled. The dominance of the pole contribu-
tion, and prevalence of the perturbative term in the sum
rules are also among constraints of computations. The
extracted predictions should be stable against variations
ofM2 and β: the latter is necessary for spin-1/2 particles.
In order to explore the dependence on β, it is convenient
to introduce a parameter cos θ through β = tan θ.
Our predictions for the masses and residues of the
flavor-sextet spin-1/2 baryons Ξc are collected in Table I.
Here, we also presents the working regions for parameters
M2 and s0 used to evaluate m˜, λ˜, and λ. The auxiliary
parameter cos θ has been varied inside of the boundaries
− 1.0 ≤ cos θ ≤ −0.5, 0.5 ≤ cos θ ≤ 1.0, (23)
where we have attained best stability for our predictions.
In Fig. 1, we plot the mass of the orbitally excited
particle Ξ˜c as a function of M
2 and s0. Here, one can
see dependence of the obtained result on the Borel M2
and continuum threshold s0 parameters, which have been
pictured at fixed cos θ = −0.75. The residues of the
excited baryons Ξ˜c and Ξ
′
c are depicted in Fig. 2, where
sensitivity of λ˜ and λ′ on the auxiliary parameters of
computations M2 and s0 is shown.
The similar analysis with some new technical details
can be carried out for the spin-3/2 baryons Ξ∗c , as well.
Indeed, in this case, in order to find the physical side of
the sum rule, we use the matrix elements
〈0|ηµ|Ξ∗c(p, s)〉 = λ∗uµ(p, s),
〈0|ηµ|Ξ˜∗c(p, s˜)〉 = λ˜∗γ5u˜µ(p, s˜), (24)
where uµ(p, s) and u˜µ(p, s˜) are the Rarita-Schwinger
spinors, and perform the summation over the spins s and
s˜ using the expression∑
s
uµ(p, s)uν(p, s) = −(/p+m∗)Fµν(m∗, p), (25)
where
Fµν(m
∗, p) =
[
gµν − 1
3
γµγν − 2
3m∗2
pµpν
+
1
3m∗
(pµγν − pνγµ)
]
. (26)
Here, m∗ is the mass of the spin-3/2 baryon Ξ∗c(p, s).
In calculations one should take into account that the
interpolating current ηµ couples both to spin-3/2 and
spin-1/2 baryons. Therefore, the sum rules contain con-
tributions of spin-1/2 particles as well. These terms
should be removed by using a special ordering of the
Dirac matrices. Indeed, it is easy to demonstrate that
structures ∼ /pgµν and ∼ gµν are formed only due to con-
tributions of spin-3/2 baryons. Therefore, to find the sum
rules for parameters of the excited baryons Ξ∗c with spin-
parities (1P, 3/2−) and (2S, 3/2+), as well as a residue
of the ground state particle, we use only these structures
and corresponding invariant amplitudes.
The correlation function Πµν(p) has to be computed
also in terms of the quark propagators. This is necessary
to determine the QCD side of the sum rules. We compute
ΠOPEµν (p) by utilizing Eq. (8) and the current given by
Eq. (10). Operations to find ΠOPEµν (p) using the quark
propagators in the x-space and calculation of the Borel
transformed and subtracted invariant amplitudes are well
known and were presented in the literature. Thus, we do
not go into further details of these computationss, and
emphasize only that analysis has been performed with
dimension-10 accuracy.
Results obtained for parameters of the spin-3/2
baryons Ξ∗c , Ξ˜
∗
c , and Ξ
′∗
c are presented in Table II. Here
we write down the working regions for parameters M2
5Baryons Ξc Ξ˜c Ξ
′
c
(n, JP ) (1S, 1
2
+
) (1P, 1
2
−
) (2S, 1
2
+
)
M2 (GeV2) 3− 5 3− 5 3− 5
s0 (GeV
2) 3.22 − 3.42 3.22 − 3.42 3.22 − 3.42
m (MeV) 2925 ± 112 2925 ± 112
λ · 102 (GeV3) 4.0± 0.5 3.9 ± 1.3 15.5 ± 5.0
TABLE I: The sum rule results for the masses and residues
of the spin-1/2 flavor-sextet Ξc baryons.
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FIG. 1: The mass of the orbitally excited (1P, 1/2−) particle
Ξ˜c as a function of the parameters M
2 and s0 at fixed cos θ =
−0.75.
and s0 used to evaluate m
∗ and λ∗. As the mass of the
ground state particle Ξ∗c , we use its experimental value
from Eq. (3).
The masses and residues of the baryons Ξ∗c as functions
of the parameters M2 and s0 demonstrate behavior sim-
ilar to ones of the spin-1/2 particles, therefore we do not
provide corresponding graphics, by noting that system-
atic errors of calculations do not exceed limits accepted
in the sum rule method.
Baryons Ξ⋆c Ξ˜
⋆
c Ξ
⋆′
c
(n, JP ) (1S, 3
2
+
) (1P, 3
2
−
) (2S, 3
2
+
)
M2 (GeV2) 3− 5 3− 5 3− 5
s0 (GeV
2) 3.22 − 3.42 3.22 − 3.42 3.22 − 3.42
m∗ (MeV) 2962± 64 2962 ± 64
λ∗ · 102 (GeV3) 4.7± 0.4 2.4± 0.3 10.1 ± 1.4
TABLE II: The predictions for spectroscopic parameters of
the spin-3/2 baryons Ξ∗c .
3.0
3.5
4.0
4.5
5.0
M
2HGeV2L
10.5
11.0
11.5
s0 HGeV2L
0.02
0.03
0.04
0.05
0.06
Λ

HGeV3L
3.0
3.5
4.0
4.5
5.0
M
2HGeV2L
10.5
11.0
11.5
s0 HGeV2L
0.05
0.10
0.15
0.20
0.25
Λ’HGeV3L
FIG. 2: The dependence of the residues λ˜ (left panel) and λ′ (right panel) on the Borel and continuum threshold parameters
M2 and s0 at cos θ = −0.75.
As is seen, the sum rule method employed in the
present work to find masses of the spin-1/2 and -3/2
baryons Ξc and Ξ
∗
c leads for the first orbitally and radially
excited states to the same predictions. Therefore, relying
only on this information, it is impossible to make assign-
ment for three new resonances observed by the LHCb col-
6laboration. To compare with relevant experimental data
one needs to determine also widths of these particles.
III. Ξ˜c AND Ξ
′
c DECAYS TO Λ
+
c K
−
In this section we study the vertices Ξ˜cΛ
+
c K
− and
Ξ′cΛ
+
c K
−, and calculate corresponding strong couplings,
which are required to compute width of the decays Ξ˜c →
Λ+c K
− and Ξ′c → Λ+c K−, respectively. To this end we
use the QCD LCSR method and start from analysis of
the correlation function
Π(p, q) = i
∫
d4xeipx〈K(q)|T {ηΛ(x)η(0)}|0〉, (27)
where ηΛ(x) is the interpolating field for the Λc baryon.
The Λc is the flavor-antitriplet spin-1/2 particle, and its
current is given by the expression
ηΛ =
1√
6
ǫabc
{
2
(
uTaCdb
)
γ5cc + 2β˜
(
uTaCγ5db
)
cc
+
(
uTaCcb
)
γ5dc + β˜
(
uTaCγ5cb
)
dc
+
(
cTaCdb
)
γ5uc + β˜
(
cTaCγ5db
)
uc
}
, (28)
where β˜ is the arbitrary mixing parameter.
First, we write the correlation function Π(p, q) in terms
of involved baryons’ parameters, and find by this way the
physical or hadronic side of the sum rule. As a result, we
obtain
ΠPhys(p, q) =
〈0|ηΛ|Λ+c (p, s)〉
p2 −m2Λ
〈K(q)Λ+c (p, s)|Ξc(p′, s′)〉
×〈Ξc(p
′, s′)|η|0〉
p′2 −m2 +
〈0|ηΛ|Λ−c (p, s)〉
p2 − m˜2Λ
×〈K(q)Λ−c (p, s)|Ξc(p′, s′)〉
〈Ξc(p′, s′)|η|0〉
p′2 −m2
+
〈0|ηΛ|Λ+c (p, s)〉
p2 −m2Λ
〈K(q)Λ+c (p, s)|Ξ˜c(p′, s′)〉
×〈Ξ˜c(p
′, s′)|η|0〉
p′2 − m˜2 +
〈0|ηΛ|Λ−c (p, s)〉
p2 − m˜2Λ
×〈K(q)Λ−c (p, s)|Ξc(p′, s′)〉
〈Ξ˜c(p′, s′)|η|0〉
p′2 − m˜2 + · · · , (29)
where p′ = p + q, p and q are the momenta of the Ξc,
Λc baryons and K meson, respectively. Above, Λ
+
c and
Λ−c are baryons with quantum numbers (1S, 1/2
+) and
(1P, 1/2−), and masses mΛ and m˜Λ, respectively. The
dots in Eq. (29) stand for contributions of the higher
resonances and continuum states.
To continue, we introduce the matrix elements of the
Λc state
〈0|ηΛ|Λ+c (p, s)〉 = λΛu(p, s),
〈0|ηΛ|Λ−c (p, s)〉 = λ˜Λγ5u(p, s), (30)
and also parametrize remaining unknown matrix ele-
ments in terms of the strong couplings
〈K(q)Λ+c (p, s)|Ξc(p′, s′)〉 = g0u(p, s)γ5u(p′, s′),
〈K(q)Λ−c (p, s)|Ξc(p′, s′)〉 = g˜0u(p, s)u(p′, s′),
〈K(q)Λ+c (p, s)|Ξ˜c(p′, s′)〉 = g1u(p, s)u(p′, s′),
〈K(q)Λ−c (p, s)|Ξ˜c(p′, s′)〉 = g˜1u(p, s)γ5u(p′, s′),
(31)
where λΛ and λ˜Λ are pole residues of Λ
+
c and Λ
−
c , respec-
tively.
Then using the matrix elements of the particles Ξc and
Ξ˜c, carrying our the summation over the spins s and
s′, and applying the double Borel transformation with
respect p2 and p′2, for the phenomenological side of the
sum rules, we obtain
BΠPhys(p, q) = g0λλΛe−m
2/M2
1 e−m
2
Λ
/M2
2 (/p+mΛ)
×γ5
(
/p
′ +m
)− g˜0λλ˜Λe−m2/M21 e−m˜2Λ/M22 (/p− m˜Λ)
×γ5
(
/p
′ +m
)
+ g1λ˜λΛe
−m˜2/M2
1 e−m
2
Λ
/M2
2 (/p+mΛ)
×γ5
(
/p
′ − m˜)− g˜1λ˜λ˜Λe−m˜2/M21 e−m˜2Λ/M22
×(/p− m˜Λ)γ5
(
/p
′ − m˜) , (32)
where M21 and M
2
2 are the Borel parameters.
As is seen, Eq. (32) contains structures proportional
to /q/pγ5, /pγ5, /qγ5 and γ5. The same structures appear in
the QCD side of the sum rule equality, which has to be
calculated using the quark propagators. After perform-
ing the double Borel transformation of ΠOPE(p, q), we
get BΠOPE(p, q) = ΠOPE(M21 ,M22 ) which is a function
of two Borel parameters. To proceed, it is convenient to
chooseM21 = M
2
2 and introduceM
2 through the relation
1
M2
=
1
M21
+
1
M22
. (33)
Traditional explanation of this trick is closeness of the
Ξc and Λc baryons’ masses, and smallness of uncertain-
ties expected due to this choice. As a result, we get
a single integral representation for ΠOPE
(
M2
)
, which
considerably simplifies the continuum subtraction. By
equating now ΠOPE(M2) with the expression Eq. (32)
and performing the continuum subtraction, we find the
sum rule equality which depends on ΠOPE(M2, s0): Af-
ter the subtraction procedure the correlation function
ΠOPE(M2, s0) acquires dependence on the continuum
threshold parameter s0. The formulas necessary to carry
out a subtraction can be found in Appendix B of Ref.
[45].
By equating invariant amplitudes corresponding to
aforementioned Lorentz structures in both sides of the
sum rule equality, one finds four equations which should
be solved to determine sum rules for the strong cou-
plings. We denote invariant amplitudes corresponding to
the structures /q/pγ5, /pγ5, /qγ5 and γ5 by Π
OPE
i (M
2, s0),
where i = 1, 2, 3 and 4, respectively.
7The solution of these equations for the coupling of in-
terest g1 is
g1 =
em˜
2/M2
1 em
2
Λ
/M2
2
λ˜λΛ(m+ m˜)(mΛ + m˜Λ)
{
ΠOPE1
[
m2K
+m(m˜Λ − m˜)] + ΠOPE2 (m˜−m− m˜Λ)
+ΠOPE3 (m˜Λ − m˜)−ΠOPE4
}
. (34)
Here, mK = (493.677 ± 0.016) MeV is the mass of the
K meson. The sum rules for the strong coupling g2 cor-
responding to the vertex Ξ′cΛ
+
c K
− and responsible for
the decay Ξ′cΛ
+
c K
− can be determined from Eq. (34) by
replacements m˜→ −m′ and λ˜→ λ′.
In order to activate Eq. (34), it is necessary to cal-
culate the correlation function ΠOPE(p, q) and find the
invariant amplitudes ΠOPEi (M
2, s0). After contracting
the quarks fields and inserting into the obtained formula
quark propagators, we get the expression which depend
on the non-local matrix elements of operators saub placed
between the states 〈K(q)| and |0〉. We should express
the correlation function ΠOPE(p, q) using the distribu-
tion amplitudes (DAs) of K meson with different quark-
gluon compositions and twists. To this end, we use the
expansion
saαu
b
β =
1
12
Γiβαδab(sΓ
iu), (35)
where Γi = 1, γ5, γµ, iγ5γµ, σµν/
√
2 are the Dirac
matrices. These terms placed between the K meson and
vacuum states generate the two-particle DAs of the lead-
ing and nonleading twists. They are defined by the ex-
pressions [46]
〈0|q(x)γµγ5s(−x)|K(q)〉 = ifKqµ
∫ 1
0
dueiξqx [φ2:K(u)
+
1
4
x2φ4:K(u)
]
+
i
2
fK
xµ
qx
∫ 1
0
dueiξqxψ4:K(u), (36)
〈0|q(x)iγ5s(−x)|K(q)〉 = fKm
2
K
ms +mq
∫ 1
0
dueiξqxφp3:K(u),
(37)
and
〈0|q(x)σαβγ5s(−x)|K(q)〉 = − i
3
fKm
2
K
ms +mq
×(qαxβ − qβxα)
∫ 1
0
dueiξqxφσ3:K(u), (38)
where fK = (155.72 ± 0.51) MeV is the decay constant
of the K meson. In expressions above ξ = 2u− 1, with u
being the longitudinal momentum fraction carrying the
quark in the K meson. The subscripts in DAs label the
twist of these functions.
There are also three-particle twist-3 and -4 DAs of the
kaon, which appear due to insertions into operators sΓiu
p′ p
d
c
s u
K−
Ξ
0
c Λ
+
c
q
FIG. 3: The leading twist diagram contributing to ΠOPE(p, q).
of the gluon field strength tensor Gλρ coming from quark
propagators. The definitions of these DAs and their mod-
els are collected in Ref. [46]. The main contribution to
ΠOPE(p, q) arises from the terms, where all the propaga-
tors are replaced by their perturbative components. It is
known as the leading twist contribution: the correspond-
ing Feynman diagram is plotted in Fig. 3. Contributions
of terms containing three-particle DA of the K meson
generate only nonleading twist effects. In the present
work, we take into account contributions due to two- and
three-particle DAs including twist-4 corrections. An an-
alytic expression for the double Borel transformed and
subtracted correlation function ΠOPE(M2, s0) is rather
cumbersome, therefore we do not write down it here.
From derived expression of ΠOPE(M2, s0) one can ex-
tract invariant amplitudes required for our calculations.
The functions ΠOPEi (M
2, s0) contain the distribution
amplitudes of K meson, which were modeled in Ref. [46].
In numerical computations we have used these DAs and
corresponding parameters. Apart from DAs, the sum
rules for the couplings g1 and g2 depend also on masses
of the ground state and orbitally excited Λ+c and Λ
−
c
baryons for which we use their values from Ref. [7]
mΛ = (2286.46± 0.14) MeV,
m˜Λ = (2592.25± 0.28) MeV. (39)
The pole residue of Λ+c denoted in Eq. (34) by λΛ is
borrowed from the work [37]
λΛ = (3.8± 0.9)× 10−2 GeV3. (40)
The Borel and continuum threshold parameters for the
decay of the baryons Ξ˜c and Ξ
′
c are fixed exactly as in
computations of their masses. The helping parameters
β and β˜ in the interpolating currents of Ξc and Λc are
taken equal to each other and varied within the limits
presented in Eq. (23).
8Numerical calculations lead to the following predic-
tions
g1 = 0.41± 0.04, |g2| = 7.40± 0.67. (41)
The widths of the decays Ξ˜c → Λ+c K− and Ξ′c → Λ+c K−
can be obtained in terms of the strong couplings g1 and
g2, respectively. They are determined by the formulas
Γ
(
Ξ˜c → Λ+c K−
)
=
g21
8πm˜2
[
(m˜+mΛ)
2 −m2K
]
×f(m˜,mΛ,mK), (42)
and
Γ
(
Ξ′c → Λ+c K−
)
=
g22
8πm′2
[
(m′ −mΛ)2 −m2K
]
×f(m′,mΛ,mK), (43)
where the function f(x, y, z) is given by the expression
f(x, y, z) =
1
2x
√
x4 + y4 + z4 − 2x2y2 − 2x2z2 − 2y2z2.
(44)
The predictions for the width of the decays Ξ˜c → Λ+c K−
and Ξ′c → Λ+c K− are equal to
Γ
(
Ξ˜c → Λ+c K−
)
= (7.2± 1.4) MeV,
Γ
(
Ξ′c → Λ+c K−
)
= (15.1± 2.9) MeV, (45)
which can be confronted with available data.
IV. THE DECAY CHANNELS Ξ˜∗c → Λ
+
c K
−
AND
Ξ∗′c → Λ
+
c K
−
The decays of the spin-3/2 baryons Ξ˜∗c and Ξ
∗
′
c to the
final state Λ+c K
− can be explored by a manner as it has
been done above for the spin-1/2 particles. To this end,
we begin from calculation of the correlation function
Πµ(p, q) = i
∫
d4xeipx〈K(q)|T {ηΛ(x)ηµ(0)}|0〉, (46)
where ηµ(x) is the interpolating current for spin-3/2
baryons Ξ∗c given by Eq. (10).
To calculate the phenomenological side of the sum rules
ΠPhysµ (p, q), we write down it in the form similar to one
presented in Eq. (29) with simple modifications. We also
define the strong couplings G0(1) and G˜0(1) using the ma-
trix elements
〈K(q)Λ+c (p, s)|Ξ∗c(p′, s′)〉 = G0u(p, s)uα(p′, s′)qα,
〈K(q)Λ−c (p, s)|Ξ∗c(p′, s′)〉 = G˜0u(p, s)γ5uα(p′, s′)qα,
〈K(q)Λ+c (p, s)|Ξ˜∗c(p′, s′)〉 = G1u(p, s)γ5uα(p′, s′)qα,
〈K(q)Λ−c (p, s)|Ξ˜∗c(p′, s′)〉 = G˜1u(p, s)uα(p′, s′)qα.
(47)
After some manipulations, for the Borel transformation
of ΠPhysµ (p, q), we obtain the following expression
BΠPhysµ (p2, p′2) = G0λ∗λΛe−m
∗2/M2
1 e−m
2
Λ
/M2
2 (/p+mΛ)
× (/p′ +m∗)Fαµ(m∗, p′)qα − G˜0λ∗λ˜Λe−m∗2/M21
×e−m˜2Λ/M22 (/p− m˜Λ)
(
/p
′ +m∗
)
Fαµ(m
∗, p′)qα
+G1λ˜
∗λΛe
−m˜∗2/M2
1 e−m
2
Λ
/M2
2 (/p+mΛ)
(
/p
′ − m˜∗) γ5
×Fαµ(m˜∗, p′)γ5qα − G˜1λ˜∗λ˜Λe−m˜
∗2/M2
1 e−m˜
2
Λ
/M2
2
×(/p− m˜Λ)
(
/p
′ − m˜∗) γ5Fαµ(m˜∗, p′)γ5qα. (48)
To derive the sum rules, we use available structures in
Eq. (48). The same terms are fixed in BΠQCDµ (p2, p′2)
and matched with ones from BΠPhysµ (p2, p′2). The final
expressions of the strong couplings are rather lengthy,
therefore we do not write down them here.
The strong coupling required to compute the width of
the decay Ξ˜∗c → Λ+c K− is G1. The coupling G2 neces-
sary to find the width of the process Ξ∗′c → Λ+c K− can
be obtained from the relevant sum rule after simple re-
placements. In numerical computations the parameters
M2, s0 are chosen as in the corresponding mass calcula-
tions. For G1 and G2 our analysis leads to the following
predictions (in units of GeV−1)
G1 = 21.59± 2.17, |G2| = 4.08± 0.37. (49)
The information gained from these studies is enough to
determine the widths of the corresponding decay chan-
nels. In fact, the width of the decay Ξ˜∗c → Λ+c K− can be
found using the expression
Γ(Ξ˜∗c → Λ+c K−) =
G21
24πm˜∗2
[
(m˜∗ −mΛ)2 −m2K
]
×f3(m˜∗,mΛ,mK), (50)
whereas for Γ(Ξ∗′c → Λ+c K−), we employ
Γ(Ξ∗′c → Λ+c K−) =
G22
24πm∗′2
[
(m∗′ +mΛ)
2 −m2K
]
×f3(m∗′,mΛ,mK). (51)
Numerical analysis yields
Γ
(
Ξ˜∗c → Λ+c K−
)
= (10.1± 2.1) MeV,
Γ
(
Ξ∗′c → Λ+c K−
)
= (46.4± 8.7) MeV. (52)
Obtained predictions for widths of the baryons Ξ˜∗c and
Ξ
∗
′
c combined with results for their masses provide in-
formation on features of these particles, which can be
compared with the LHCb data.
V. ANALYSIS AND CONCLUDING NOTES
In the present work we have computed the masses and
widths of the spin-1/2 and -3/2 excited baryons Ξc and
9Ξ∗c in order to compare obtained information with results
of the LHCb collaboration. We have treated the spin-1/2
baryons Ξc as flavor-sextet particles. It is worth noting
that parameters of these baryons have been evaluated
using the QCD sum rule method. The masses of the
baryons have been extracted from two-point sum rules,
whereas to calculate their widths, we have used the QCD
light-cone sum rule approach.
The sum rule method is a powerful nonperturba-
tive tool to explore features of conventional and exotic
hadrons. It relies on first principles on the QCD by em-
ploying quark-gluon structure of particles under analysis,
and universal vacuum expectations values of various local
quark, gluon, and mixed operators. Predictions obtained
in this context depend on a few auxiliary parameters of
computations, which limit theoretical accuracy of inves-
tigations. Main part of uncertainties is generated by a
choice of the Borel parameter M2: its variation within
allowed working region leads to ambiguities in values of
extracted parameters. In this sense the mass of a hadron
is most protected physical quantity the reason being in
a functional form of a relevant sum rule. In fact, sum
rules for the masses of hadrons are given as a ratio of
correlation functions (see, for instance Eq. (21)), which
reduces uncertainties and stabilize a final result.
In the present article ambiguities in the masses of the
excited spin-1/2 and -3/2 baryons Ξc and Ξ
∗
c amount to
±(2.2 − 3.8)% of central values, which is nice accuracy
for sum rule computations. In other words, the masses of
the baryons may be chosen from values spanning approx-
imately (120 − 220) MeV region. Because, resonances
discovered by LHCb have very close masses and cover
narrow range of ∼ 40 MeV, the sum rule method could
not resolve such fine structure: its predictions are com-
patible with all of these resonances. Therefore, classifica-
tion of the spin-1/2 and -3/2 excited baryons Ξc and Ξ
∗
c ,
and their possible interpretation as resonances Ξc(2923)
0,
Ξc(2939)
0, and Ξc(2965)
0 should be performed using
widths of these particles, which differ from each other
and have been evaluated with accuracy enough for such
differentiation.
Let us note that parameters of the flavor-antitriplet
spin-1/2 states csd were calculated in Ref. [37]. In that
paper the authors considered the baryon (1P, 1/2−) with
parameters m˜ = (2922 ± 83) MeV, and Γ˜ = (19.4 ±
3.3) MeV as the resonance Ξc(2930)
0. The radial exci-
tation of the spin-1/2 antitriplet baryon (2S, 1/2+) has
the same mass but lower width
m′ = (2922± 83) MeV,
Γ′ = (13.6± 2.3) MeV. (53)
This particle should be taken into account in our present
analysis.
It is not difficult to see that sextet baryon (1P, 1/2−),
which has the parameters
m˜ = (2925± 112) MeV,
Γ˜ = (7.2± 1.4) MeV, (54)
can be interpreted as the resonance Ξc(2923)
0 with very
close mass and width (5).
Because the radially excited spin-3/2 particle Ξ∗′c has
the width (46.4 ± 8.7) MeV, we exclude it from present
analysis. The second resonance Ξc(2939)
0 may be con-
sidered as the orbitally excited spin-3/2 baryon
m˜∗ = (2964± 64) MeV,
Γ˜∗ = (10.1± 2.1) MeV. (55)
The interpretation of the third resonance Ξc(2965)
0
with parameters (7) is twofold: it may be consid-
ered as the spin-1/2 antitriplet baryon (2S, 1/2+) with
Γ′ = (13.6 ± 2.3) MeV. But one can identify it also
with radially excited sextet particle Ξ′c with the width
(15.1 ± 2.9) MeV. Let us note that the masses of these
particles within theoretical errors are compatible with
the LHCb data.
Existing experimental measurements give masses and
widths of four resonances which can be considered as
charm-strange baryons. Theoretical investigations of or-
bitally and radially excited spin-1/2 flavor-antitriplet and
sextet particles, as well as excited spin-3/2 baryons pro-
vide parameters of six particles. Evidently, for compre-
hensive analysis of this sector of hadron spectroscopy
more detailed experimental information is required.
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